Abstract-This paper proposes a universal large-capacity capacitor simulator. The proposed simulator consists of a main electrolytic capacitor and three-leg IGBTs. One leg of the IGBTs acts as a bidirectional dc-dc converter. The other two legs are used for a single-phase PWM rectifier. In the capacitor charging operation, the bidirectional dc-dc converter is used as a boost converter. Most of the power supplied by the load is injected to the utility through the single-phase PWM rectifier.
I. INTRODUCTION
For large-capacity energy storage devices, lead-acid batter ies are still mainly used because of their low cost. Lead-acid batteries, however, produce toxic industrial waste. A super ca pacitor (SC) consists of more environment-friendly materials, which can solve the problem of toxic industrial waste. SCs are used in industrial applications. However, because of their high cost, large-scale energy storage devices used in voltage sag compensators and so forth with SCs cannot be constructed at the laboratory scale. An SC simulator with two electrolytic capacitors and dc-dc converters has been proposed [1] , which the authors named an EDLC simulator. In the proposed SC simulator, the power in the capacitor-discharging operation is supplied to the load from an auxiliary dc power supply through a dc-dc converter. In the capacitor-charging operation by the load, the surplus power, which cannot be stored in the electrolytic capacitor, is consumed by external resistors. However, this causes the serious problem that the response of the EDLC simulator in the capacitor-charging operation is affected by the time constant of the electrolytic capacitor and external resistors. Another problem is that the resistors consume the surplus power. It is well known that there is an inner-series resistor in an Sc. However, the proposed SC sim ulator cannot act as an inner-series resistor. Thus the proposed SC simulator cannot act as a correct sc. SC simulators with no power consumption that can act as an inner-series resistor are required. Ideal and variable large-capacity capacitors with no inner-series resistors are often needed to construct energy storage systems, which are used as prototype voltage sag compensators and so forth in laboratories. Thus, a variable large-capacity capacitor simulator with/without an inner-series resistor is required in laboratories.
This paper proposes a universal large-capacity capacitor simulator, which can act as an inner-series resistor in an Sc. The proposed simulator consists of a main electrolytic capacitor and three-leg IGBTs. One leg is connected to the main electrolytic capacitor and acts as a bidirectional dc-dc converter. The other legs are used for a single-phase PWM rectifier. In the capacitor-charging operation, the bidirectional dc-dc converter is used as a boost converter. Most of the power supplied by the load, which is stored in the proposed capacitor simulator, is injected to the utility through the single-phase PWM rectifier. In the capacitor-discharging operation, the bidirectional dc-dc converter acts as a buck converter. Most of the power supplied to the load from the proposed capacitor simulator is from the utility through the single-phase PWM rectifier. Thus, the proposed simulator acts as a large-capacity capacitor in both the charging and discharging operations. For an SC simulator, an inner-series resistor should be included. A new control method, which can act as an inner-series resistor, is also proposed. The basic principle of the proposed capacitor simulator is discussed in detail and then confirmed by digi tal computer simulation using PSIM software. A prototype experimental model is constructed and tested to verify the validity and high applicability of the proposed large-capacity capacitor simulator. Experimental results demonstrate that the proposed capacitor simulator performs both as an ideal large capacity capacitor and as an SC with an inner-series resistor.
II. PROPOSED L ARGE-C APACITY C APACITOR SIMULATOR
A. System configuration large-capacity capacitor. The proposed simulator consists of a main electrolytic capacitor CM and three-leg IGBTs. The main electrolytic capacitor CM acts as a large-capacity capacitor KCM. One leg of the IGBTs is connected to the main capacitor CM and is used for a bidirectional dc-dc converter. The other two legs are used for a single-phase PWM rectifier. During the capacitor-charging operation, the bidirectional dc-dc converter consisting of QI and Q2 acts as a boost converter, where QI acts as a diode and Q2 is used as a switch for the boost converter. Most of the power from the load iL is injected to the utility by the PWM rectifier through a boost chopper.
The output voltage VCM of the proposed capacitor simulator gradually increases. In the capacitor-discharging operation, QI and Q2 act as a buck converter, where Q2 acts as a diode and QI is used as a switch for the buck converter. Most of the power to the load is from the utility through the PWM rectifier. The output voltage VCM gradually decreases. Thus, the main capacitor CM acts as a large-capacity capacitor. No power is consumed in the proposed simulator. The proposed large-capacity capacitor can overcome the problems in [1] described above, which limit the response and consume the surplus power. 
Equation ( [2] . However, details of the scheme have not been described. Thus, d-q-transformation-based current feedback control in single-phase circuits has been constructed and tested here. The source voltage Vs is detected, and then the phase information is generated by a single-phase PLL circuit with a transport delay [3] , [4] . This generated e is used for the d-q transformation. The source current is is detected and is equal to the a-phase current isa. The ,B-phase current is{3 is obtained through a Ts/4 transport delay block, where Ts is the cycle of the source voltage Vs. iSa and is{3 are transformed to d-q coordinates using a value of e generated by the single phase PLL circuit. Source current feedback with PI controllers is performed using the d-q coordinates. Thus, we completely suppress the steady-state error on the source current is. In the transient state, however, an error between the reference value i; and the actual current is exists because the Ts/4 transport delay block is included.
C. Inner-series resistor in SC
An inner-series resistor is included in the proposed large capacity capacitor simulator to act as an Sc. Fig. 3 shows an This jump in the voltage should be considered in the control circuit in Fig. 2 when performing the SC simulation. Here, a new control method for achieving this voltage jump is proposed. In the proposed method, the control gain K is equal to 1.0 for a short time while the operation mode is changed from capacitor charging to capacitor discharging or from discharging to charging. When the operation mode is changed from discharging to charging, the operation of the switches QI and Q2 is changed from the boost operation to the buck operation, and then the control gain K in Fig. 2 is reduced to 1.0 for a short time. If K = 1.0 in Fig. 2 during the buck operation, then iCh is equal to iL. This means that the electrolytic capacitor CM is charged rapidly. Thus, VCM jumps by 2iL R s in a short time. When the operation mode is changed from charging to discharging, the operation of QI and Q2 is changed from the buck operation to the boost operation, and then the control gain K in Fig. 2 is also 1.0 for a short time. If K = 1.0 in Fig. 2 during the boost operation, then iCh is equal to iL. This means that the electrolytic capacitor CM is also discharged rapidly. Thus, VCM is reduced by 2iL R s in a short time. Here, the authors claim that the inner-series resistor can be realized without any power consumption.
III. SIMULATION RESULTS
The validity and high applicability of the proposed large capacity capacitor simulator with improved source current control are confirmed using PSIM software. Table I shows the circuit constants for Fig. 1 , which are used in the digital computer simulation.
A. Ideal large-capacity capacitor simulator
An ideal large-capacity capacitor operation is demonstrated. B. SC simulator Fig. 4 shows the simulation waveforms for the circuit in Fig. 1 We now demonstrate an SC simulator, in which an innerwith no inner-series resistors, where the control gain K in (2) series resistor should be included [S] . In the following simu- lation results, an inner-series resistor Rs of 2n is considered.
The theoretical voltage jump at the change in the operation mode is 20V, where the control gain K is 1 for 5ms. Fig. 6 shows the simulation waveforms for the proposed simulator 80V ��==r.=:r=I ::r: :=!:I: :: :; ;�-�-:;--�-;:;-� -
(b) From charging to discharging. . This means that the proposed 20V is 4ms when K = 1. In Fig. 7 , however, the time in which large-capacity capacitor simulator acts as an SC, where the VCM jumped by 20V is 5ms. This is due to the response of the inner-series resistor Rs is 2n with C Sim =0.1F. Fig. 7 shows PI controller used in the bidirectional dc-dc converter. From the magnified waveforms in Fig. 6 when the operation mode t2 to t3, the phase difference between Vs and is is remained.
was changed, where (a) shows the change from discharging This is because the Ts/4 transport delay block is included in to charging and (b) shows the change from charging to the source current control block on d-q coordinates in singledischarging. From t o to tl, a duration of 10ms, the load current phase circuits. Thus, the settling time of the source current iL was gradually decreased to avoid the instability of the PI is is theoretically larger than Ts /4. At t3, the operation mode controller in the bidirectional chopper. At tl, the operation is perfectly changed from discharging to charging or from mode of the proposed simulator was changed from charging charging to discharging. From these simulation results, we Fig. 1 (a) .
see that the proposed large-capacity capacitor simulator can perform not only as an ideal large-capacity capacitor but also as an SC with no power consumption.
IV EXPERIMENTAL RESULTS
A prototype experimental model was constructed and tested to verify the validity and high applicability of the proposed large-capacity capacitor simulator. Fig. S shows a block diagram of the constructed experimental model for Fig. l(a) . A dc source (Takasago: HX0300-25) was used for the load side current source iL under the capacitor-charging operation. Under the capacitor-discharging operation, an electronic load (Fujitsu: EUL-300aXH) was used for iL. The detected Vs, is, iCh and VDC are fed to a DSP (digital signal proces sor: TMS320C6713, 225MHz) through 12bit AID converters, where the sampling time Ts is 66.7J1s. In the DSP, the control schemes shown in Fig. 2 are carried out. The circuit constants shown in Table I were also used in the constructed experimental model.
A. Ideal large-capacity capacitor simulator
An ideal large-capacity capacitor operation was demon strated experimentally. Fig. 9 shows the experimental results for Fig. 1 with no inner-series resistors, where the control gain K in (2) is 100. Thus, the proposed simulator acts as a capacitor of 0.1 F. iL is the load current waveform and VCM is the electrolytic capacitor voltage waveform. VCM increases linearly during the capacitor-charging operation even though CM is 1mF. The capacity of the proposed large-capacity capacitor simulator is calculated from the experimental results shown in Fig. 9 . The capacitor voltage VCM is increased by 1O.6V in 0.2s under the charging operation. The equivalent capacity C Sim given by (2) 
According to (6), the proposed simulator acts as a large capacity capacitor CE of O.lF with a control gain K of 100. 
From (6) and (7), the constructed experimental model in Fig. S acted as an ideal large-capacity capacitor simulator with a capacitance of 0.1F.
B. SC simulator
We now demonstrate the SC simulator with an inner-series resistor. In the following experimental results, a capacity C Sim of 0.1 F with an inner-series resistor Rs of 20 was considered. In the simulation results shown in Fig. 6 , a bidirectional dc source was used for the load-side current iL. There is, however, no bidirectional dc source with a rapid response. Thus, we have demonstrated the inner-series resistor Rs with a step change of iL under the discharging operation. Fig. 11 shows experimental waveforms for Fig. 1 , where the inner-series resistor Rs is considered. The load current iL was changed from -SA to -SA under the discharging operation. Thus, the theoretical value of the voltage jump /). V is 6V In the experimental results shown in Fig. 11 , the voltage VCM of the proposed capacitor simulator jumped by 6V This means that the proposed simulator acted as an inner-series resistor Rs of 2ft VCM was decreased by 27V in SOOms when iL was -SA. The equivalent capacity C Sim given by (2) is calculated as
When iL was -8A, VCM was decreased by 42V in SOOms. Thus, C Sim is given as
Therefore, the proposed large-capacity capacitor simulator acted as an SC of O.IF with an inner-series resistor Rs of 2ft Fig. 12 shows waveforms for the source voltage Vs, source current is, and load current iL. is is increased by the change in iL. The source current is is in-phase to the source voltage Vs by the current control on the d-q coordinates in single phase circuits. These experimental results agree well with the simulation results in Section III.
V. CONCLUSIONS
In this paper, a universal large-capacity capacitor simulator using a single-phase PWM rectifier and a bidirectional dc dc converter has been proposed. The proposed simulator consists of three-leg IGBTs. One of the three legs acts as a bidirectional dc-dc converter. The others are used as a single phase PWM rectifier. During the charging operation, one-leg acts as a boost converter. Most of the power stored in the electrolytic capacitor in the proposed simulator is injected to the utility through the PWM rectifier. The same-leg acts as a buck converter during the discharging operation. Most of the power supplied to the load is from the utility through the PWM rectifier. Thus, the proposed simulator acts as a large-capacity capacitor in both the charging and discharging operations. For the operation of an SC simulator, inner-series resistors should be considered. A new control method, which can act as an inner-series resistor, has been also proposed. The basic principle of the proposed capacitor simulator was discussed in detail and then confirmed by digital computer simulation using PSIM software. A prototype experimental model was constructed and tested to verify the validity and high applicability of the proposed large-capacity capacitor simulator. Experimental results demonstrated that the pro posed capacitor simulator performs as both an ideal large capacity capacitor and an SC with an inner-series resistor.
